Bronchopulmonary dysplasia (BPD), a chronic lung disease affecting preterm neonates, is associated with significant childhood and adult health problems. Histopathologic features of BPD include impaired vascular and distal airway development. We previously showed that activation of hypoxia-inducible factors 
lial, mesenchymal, and interstitial components of the lung (1, 2) . The foundation for successful postnatal alveolization in humans is established during late canalicular to early saccular development, usually starting at 26 -28 gestational weeks (3) . Premature birth at this stage of development inevitably perturbs lung structural development. Indeed, 77% of preterm neonates born at less than 32 gestational weeks are ultimately diagnosed with bronchopulmonary dysplasia (BPD), a chronic lung disease characterized by arrested vascular and alveolar development (4, 5) . Since the description of BPD almost 40 yr ago (6) , substantial research has been directed at finding ways to prevent, ameliorate, and treat this clinical problem (7, 8) . Major advances in perinatal care (antenatal steroid and postnatal surfactant therapy) have lowered mortality rates previously associated with BPD but have also introduced a new form of BPD characterized by structural immaturity of the lung in surviving babies. None of the new, currently clinically available experimental treatment strategies, with the possible exception of inhaled NO (9, 10) , have been successful in restoring the impeded lung development and diminished lung function in ventilated preterm infants with evolving BPD (8, 11) .
Normal fetal development occurs in hypoxia, and the fetal blood O 2 fraction is ϳ3%. Hypoxia, relative to normoxia, promotes development of lung microvasculature and epithelial branching morphogenesis (12) . On the other hand, blocking lung vascular development impairs branching morphogenesis, and therefore pulmonary vascular development appears to be critical for distal epithelial development (12, 13) . Most (14) , but not all (15) , studies have supported the view that normal, hypoxia-associated angiogenic signaling path-ways are interrupted by preterm birth and onset of O 2 breathing. This is further reflected in the altered levels of angiogenic factors, such as VEGF and its receptors, in lungs of preterm neonates with respiratory distress syndrome or BPD (16 -19) .
Hypoxia-inducible factors (HIFs) are important transcriptional regulators of angiogenesis, both in disease and during development (20, 21) . In endothelial cells they are known to up-or down-regulate nearly 600 target genes, including ones important for cell growth, proliferation, and survival (22) . Both HIF-1␣ and -2␣ are essential for normal embryonic development as shown by gene ablation models (23) (24) (25) . Specifically, homozygous knockouts for Hif1␣ or Epas1 (encoding HIF-2␣) die either during embryogenesis or the neonatal period with various cardiovascular malformations, mesenchymal cell death, neural tube defects, and/or multiorgan failure (23) (24) (25) . Of note, the Epas1 null mutant mice that survive until term succumb to respiratory failure soon after birth (24) . HIF activation could be expected to produce more balanced angiogenesis compared to enhancement of only single angiogenic factors (26 -28) .
We previously showed that pulmonary HIF-1␣ protein is down-regulated in BPD (29) . Given that angiogenic processes are disrupted after premature birth, HIF stabilization might have advantageous effects on lung development in the preterm neonate. Proof-ofprinciple studies using HIF-stabilizing compounds (inhibitors of prolyl hydroxylase domain-containing proteins, PHDs, which degrade HIFs) have been carried out in relevant cell types in vitro and in fetal lung explants ex vivo, and have demonstrated that HIFs and selected angiogenic factors can be enhanced by this approach (30, 31) . The aim of the current study was to test the hypothesis that activation of HIFs through PHD inhibition restores normal lung development in vivo. This report focuses on the clinical findings of these studies carried out using the baboon model of prematurity, a well-characterized experimental model of BPD with close applicability to human disease (16) , whereas the biochemical endpoints, including mRNA and protein analyses for several angiogenic markers (e.g., HIFs, PECAM-1, vascular endothelial growth factor (VEGF) and its receptors, angiopoietins, eNOS), are characterized elsewhere (32) .
MATERIALS AND METHODS

Baboon model of prematurity
Animal studies were carried out at the Southwest Foundation for Biomedical Research Primate Center (San Antonio, TX, USA) and protocols were approved by the Institutional Animal Care and Use Committee. Baboon pregnancies were timed and antenatal ultrasound examination was performed between 110 and 115 days of estimated term gestation (185 days). Preterm baboons (125Ϯ2 days corresponding to 27 human gestational weeks) were delivered by cesarean section, weighed, sedated, intubated, and given surfactant (Survanta 4 ml/kg, courtesy of Ross Laboratories, Columbus, OH, USA) prior to placement on ventilatory support. Baboons were randomly placed to either control group receiving routine care or to FG-4095 (FibroGen, Inc., South San Francisco, CA, USA) group receiving experimental therapy with FG-4095 in addition to routine management. General treatment protocols, including nutritional and antimicrobial care, have been described (16) . Sepsis was common ( Table 1) and was defined as either positive bacterial or fungal blood or autopsy tissue culture and/or septic emboli with or without bacteria or fungus in histopathologic assessment, confirmed with tissue Gram stain if necessary. For some endpoints (lung morphometry and surfactant mRNA analyses), additional studies were performed using lung tissue from 125 and 140 days fetal baboons delivered by hysterotomy and euthanized at birth before onset of breathing. 140 days of baboon gestation corresponds to 32 human gestational weeks and serves as an age-matched fetal control for the 125 ϩ 14 days (139 days) preterm baboon. All animals received maternal antenatal steroids (6 mg, dexamethasone or betamethasone) 48 and 24 h prior to delivery (Table 1) .
Inclusion and exclusion criteria
The study was designed to evaluate lung growth in the critical 14 day neonatal period of 125 days preterm baboons. Inclusion and exclusion criteria for baboons were established before the study and/or data analyses. General criterium for inclusion was birth between 11/2003 and 2/2005 Ϯ 1 month (15 FG-4095-treated and 26 control baboons). For assessment of lung growth and function, 14 day survival was required. The most common reasons for nonsurvival were early cardiovascular instability, sepsis, and/or iatrogenic causes. To establish exclusion criteria, a panel of six principal researchers evaluated individual baboon records before data analyses. Following exclusions (6 FG-4095-treated animals and 8 controls; Supplemental Table 1 ), 9 FG-4095-treated and 18 control baboons remained (Table 1) . For data analyses, these included animals were separated into 14 days survivor FG-4095-treated (nϭ5) and control (nϭ12) subgroups, and early death (ED) FG-4095-treated (nϭ4) and control (nϭ6) subgroups. In addition, mortality and potential side effects were assessed using an intention-to-treat approach involving all animals. 
FG-4095 treatment
Ventilatory therapy
Ventilation was provided for 14 days with pressure-limited, time-cycled infant ventilator (InfantStar, Infrasonics, San Diego, CA, USA, or VIP Gold, VIASYS Healthcare Critical Care Division, Palm Springs, CA, USA) or when required due to worsening oxygenation, with high-frequency oscillatory ventilator (provided by Sensormedics, Yorba Linda, CA, USA). The ventilatory goals have been described elsewhere (9, 16) . In short, treatment sought to maintain P a O 2 and P a CO 2 between 55 and 70 mmHg (7.3 to 9.3 kPa) and 45 to 55 mmHg (6 to 7.3 kPa), respectively, keeping tidal volumes between 4 to 6 ml/kg and minimizing exposure to high F i O 2 . Mean airway pressures were adjusted and chest radiographs were obtained as necessary. 
Hemodynamic support, echocardiographic evaluation, dynamic lung compliance
The principles of hemodynamic support, echocardiographic evaluation, and pulmonary function testing have been detailed elsewhere (9, 33) .
Postmortem measurements
Pulmonary pressure-volume curve was obtained as described (9) . Individual lung lobes were weighed and bronchoalveolar lavage fluid (BALF) was collected from left lower lobe by pooling the material from five rinses with normal saline. Gross pathological assessment of various organs was performed. Gross bleeding into tissues (lungs, thymus, thyroid, heart, liver, gallbladder, spleen, pancreas, salivary glands, esophagus, stomach, intestine, kidneys, adrenals, testes/reproductive organs, urinary bladder, abdominal cavity, soft tissues, brains) was evaluated using a semiquantitative score from 0 to 3 as follows: 0 ϭ none; 1 ϭ mild bleeding in one organ, typically lung; 2 ϭ bleeding in two or three lung lobes and/or organs, pulmonary and extrapulmonary organs required; 3 ϭ bleeding in more than three lung lobes and/or organs, pulmonary and extrapulmonary organs required. Plasma and tissues were collected for subsequent histopathologic and biochemical analyses.
Lung histopathology
Hematoxylin/eosin and Movat's pentachrome stains were obtained and histopathologic evaluation using semiquantitative scoring was performed. None of the 14 day survivors and early death animals exhibited a consolidative bronchopneumonia or lobar pneumonia, and therefore scores of 0 to 3 were used to reflect the following findings: 0 ϭ no pneumonitis; 1 ϭ rare polymorphonuclear (PMN) cells, no intraalveolar infiltrate; 2 ϭ PMN cells in several sites intermixed with other intra-alveolar cells (mostly alveolar macrophages); 3 ϭ more frequent microscopic foci in which intra-alveolar aggregates of PMN cells were present. Similarly, none of the animals showed diffuse consolidating bleeding, and scores of 0 to 3 were used to describe the degree of microscopic extravasation of red blood cells (RBC) as follows: 0 ϭ none; 1 ϭ one to three foci of RBC extravasation; 2 ϭ RBC extravasation in more than three areas; 3 ϭ more frequent intraalveolar RBC and subpleural bleeding. Collagen and elastin estimates were done in a blinded manner on the Movatstained preparations utilizing a 1 to 3 categorization. To assess thickness of arterial smooth muscle cell layer, small muscular arteries (6 -14 per section) were photographed and measurements carried out in a blinded manner using the NIH Image 1.63 program.
Lung morphometry
Blinded lung morphometric analyses were performed by digital image analysis system (34) validated for the baboon model of BPD (9) . The right lower lobe main stem bronchus was cannulated and the lobe was fixed by instillation of 4% paraformaldehyde in 0.1 M phosphate buffer at 20 cm water pressure and fixed for 24 h. The same lobe (right lower lobe) was used in the control animals, and the same tissue blocks were used for both histopathology and morphometry.
The random sampling method was as follows. Right lower lobe was cut into four pieces of equal thickness at a random orientation. Three sections were obtained from cut faces (either lower cut faces of blocks 1, 2, and 3 or upper cut faces of blocks 2, 3, and 4 by a random choice). Total tissue area occupied by the three sections were determined by digitizing the areas to determine the number of 10ϫ fields that were encompassed by the sections. That number was divided by 30 to determine the sample interval number (N) to achieve ϳ30 sampling fields per animal. Photographic samples were obtained using a motorized stage controlled by StagePro software (Media Cybernetics, Silver Spring, MD, USA). Upper, lower, left, and right boundaries of the section were defined first. Sampling started from upper left corner (field #1). A random number, X, between 1 and N, was generated. Software was instructed to take the first picture at field #X and every N fields afterward. Field and interval counts continued uninterrupted from section 1 to section 2 and then 3 (without starting from field #1 with the new section).
The following indices were measured/calculated: 1) lung volume (cm 3 ) by water replacement, 2) mean length (m) and number (#/mm 2 ) of internodal or end segments, 3) surface density (cm 2 /cm 3 , or cm -1 ) of primary septae or secondary crests [surface density indicates the alveolar surface area contributed by the alveolar septum specified (primary or secondary) in a unit volume of parenchyma. Surface density was estimated by the ratio of total septal length (of primary or secondary septae from all pictures) divided by total alveolar tissue area from all pictures multiplied by "2" (the multiplier "2" is added because each septum has two alveolar surfaces)], 4) surface area (cm 2 ) of primary septae or of secondary crests (Surface area is calculated by the equation: Lung volume (cm 3 ) ϫ fraction of lung that is alveolar ϫ surface density (cm -1 ), and 5) total alveolar surface area (cm 2 ) consisting of surface area of both primary septae and secondary crests.
NO measurement
Exhaled NO was measured in accordance with ATS guidelines as described previously (35) . Briefly, three exhaled tidal volumes were diverted via a nonrestricting, low dead space valve system to an NO chemiluminescence detection system (EcoPhysics, Durnten, Switzerland) at a constant exhalation flow rate. Fraction of exhaled NO was measured and minute ventilation of NO was calculated as published (35) .
Cell culture
Human lung microvascular endothelial (HLMVE) and alveolar epithelial-like (A549) cells were purchased from Cambrex Bio Science (Walkersville, MD, USA) and American Type Culture Collection (ATCC) (Rockville, MD, USA), respectively, and cultured as reported (29, 30) . FG-4095 (125 M) and positive control dimethyloxaloylglycine (DMOG, 1 mM) were used as described (30) .
ARNT detection
Cytosolic and nuclear extracts were prepared (29, 30) . A mouse monoclonal antibody (mAb) against human ARNT was used at a dilution of 1:200 or 1:1,000 (Novus Biologicals, Aurora, CO, USA).
Surfactant analyses
Lung mRNA for surfactant protein B and C (SP-B and -C) were measured by real-time and conventional polymerase chain reaction (PCR) as described (36) . Saturated phosphatidylcholine (Sat PC) was quantitated by isolation from lipid extracts of BALF and lung homogenate using osmium tetroxide, followed by measurement of phosphorous (37) . SP-B and -C were assessed by Western blot of extracted lipids of BALF and lung homogenate containing the same amount of Sat PC (1-4 nmol depending on analysis) using antiserum against mature human SP-B peptide (Chemicon, Temecula, CA, USA) or high-titer anti-SP-C antibody (Ab) raised against a modified human recombinant, 34-amino acid SP-C peptide (38) . Goat anti-rabbit peroxidase-conjugate (Calbiochem, La Jolla, CA, USA) was utilized as the secondary Ab. Immunoreactive bands were quantitated by densitometric analyses in a range where the density of the bands was linearly related to the amount of Sat PC loaded. From the total volume of BALF and lung homogenate, left and right lung weights, body wt, and aliquot volume used for immunoblot, surfactant protein content in total BALF or lung tissue/kg body wt was calculated. BALF SP-B protein was also quantitated by ELISA (39) .
Statistical analyses
Repeated-measures ANOVA or 2-way ANOVA with Fisher's protected least significant difference (PLSD) for post hoc testing at individual time points were used to assess differences between groups over the 14 day period. Multiple groups were also compared by ANOVA with Fisher's PLSD. 
RESULTS
Unless otherwise indicated, the results depict data analyses of the included 14 day survivor groups (5 FG-4095-treated and 12 control baboons).
Clinical characteristics of control and FG-4095-treated baboons
Mortality as analyzed from either all animals using intention-to-treat approach or only from included animals ( Table 1) was not statistically significantly different between FG-4095-treated baboons and untreated controls. Further, cumulative survival by Kaplan-Meier analysis was similar between the groups. Pattern of body wt change did not differ between treated and untreated groups (not shown). To assess permeability, percent necropsy lung wet wt (LW) of birth wt (BW) or necropsy body wt (NW) was calculated, and neither differed between the treated (LW/BW 3.0Ϯ0.2%; LW/NW 3.4Ϯ0.3%) and untreated (LW/BW 3.5Ϯ0.1%; LW/NW 3.6Ϯ0.1%) 14 day baboons. BALF protein expressed as total protein per wt of left lower lobe was comparable in FG-4095-treated (7.2Ϯ1.0 g/mg) and control (5.3Ϯ1.0 g/mg) baboons. Routine blood chemistry parameters pertaining to kidney and liver function were measured and found to be similar in FG-4095-treated and control animals (Supplemental Table 2 ).
FG-4095 pharmacokinetics
Plasma FG-4095 accumulated for the first 3 to 4 days, remained high until age 5 to 6 days, and steadily declined thereafter (Fig. 1) . Calculated circulating halflife for FG-4095 was 13.5 h. The highest (60 g/ml) and lowest (20 g/ml) plasma levels correspond to 198 and 66 M, respectively, a concentration range shown to be effective for HIF stabilization (30, 31) .
Lung morphometry
Lung morphometry of untreated controls relative to fetal controls (140 day gestational control, or GC) revealed many abnormalities, including loss of total alveolar surface area, and decreased number of internodal segments (branch points) and of end segments (secondary crests), suggestive of alveolar simplification and arrested alveolar septal budding (formation of new alveoli) ( Table 2) . Notably, several of these abnormalities were improved, or normalized, in FG-4095-treated baboons. Specifically, surface density and area of primary septae were significantly greater in FG-4095-treated baboons than in untreated newborns ( Table 2 , representative pictures in Fig. 2) . Moreover, total alveolar surface area, consisting of area of primary and secondary septae, was augmented in FG-4095-treated baboons relative to untreated controls (Table 2, Fig. 2 ).
Lung histopathology
Approximately half of the 14 day controls exhibited a moderate pneumonitis; otherwise the FG-4095-treated and control groups did not differ greatly (see Supplemental Table 4 ). Movat's pentachrome stains were performed to estimate pulmonary collagen and elastin, as expression of each could potentially be altered by expression of HIFs and/or PHD inhibition. Collagen and elastin content and distribution in proximal and distal lung preparations were generally low and comparable in the 14 day FG-4095-treated and control baboons (not shown). Microscopic blood extravasation was overall less frequent and milder in the 14 day FG-4095-treated animals compared with the 14 day control group.
Chronic hypoxia, in part through HIF stimulation, has been associated with pulmonary hypertension caused by proliferation of arterial smooth muscle cells and vasoconstriction. We therefore measured thickness of arterial medial smooth muscle layer as percent of wall thickness and found it to be identical for FG-4095-treated (43Ϯ3%) and control (40Ϯ2%) animals.
Pulmonary function
Alveolar-arterial O 2 gradient and oxygenation index were improved for the last 5 to 6 days by FG-4095 treatment as assessed by repeated-measures ANOVA (Fig. 3 A, B) . Corresponding analysis over the whole 14 day course was not statistically significant. Ventilation index appeared improved in FG-4095-treated animals compared with controls, but the difference was not statistically significant (Fig. 3C) . Dynamic lung compliance was enhanced during the last 4 days by FG-4095 treatment (Fig. 3D) . Postmortem pressure-volume curve was the same for treated and untreated animals (Supplemental Fig. 1 ). Two control early death animals were placed on high-frequency oscillatory ventilation due to worsening oxygenation, but that treatment was not required for any of the FG-4095 animals.
Surfactant expression
Expression of pulmonary SP-B mRNA did not differ between treated and untreated neonates (Fig 4A) . Pulmonary SP-C mRNA levels measured by semiquantitative PCR were low and not changed by FG-4095 treatment (not shown). BALF or lung Sat PC content was similar in FG-4095-treated and control animals (Fig.  4B, C) . BALF and lung SP-B and -C proteins by Western blot were unaltered in FG-4095-treated relative to control baboons (Fig. 4D, E) . BALF SP-B expression was confirmed by ELISA and results supported Western blot analysis (meanϩsd) [control 1.7 (0.9) and FG-4095 1.5 (1.1) SP-B (g) per left lower lobe wt (g)].
Exhaled NO
There were no clear differences in either the fraction of exhaled NO or minute ventilation of NO between FG-4095-treated and control baboons (not shown).
Hemodynamic assessment
Hemodynamic variables were assessed to address the possibility that HIF-augmenting therapy with FG-4095 caused alterations in left ventricular function, systemic or pulmonary vascular resistance, or incidence of ductus arteriosus closure. Left ventricular function was assessed by echocardiographic measurement of shortening fraction and velocity of circumferential fiber shortening, and was identical for control and FG-4095-treated baboons (Supplemental Fig. 2) . Ratio of pulmonary to systemic blood flow was lower in the FG-4095 baboons relative to controls (Fig. 5A) . Systemic dia- stolic, but not systolic, and mean arterial (Fig. 5B ) blood pressure were higher in baboons receiving FG-4095 compared with controls. Total fluid intake and urine output were comparable in treated and untreated animals (not shown). Pharmacologic blood pressure support did not differ between FG-4095-treated baboons and untreated controls (Supplemental Table 3 (40) . In proof of principle studies using HLMVE and A549 cells, exposure to FG-4095 or DMOG caused nuclear translocation of ARNT (Supplemental Fig. 3 ). Another possible mechanism for DA closure could be prostaglandin (PG) -induced vasodilatation and decrease of pulmonary pressure. As plasma volumes available from preterm baboons are very low, thereby limiting in vivo measurements, we performed in vitro experiments to learn whether FG-4095 treatment was associated with increased PGE 2 secretion. However, PGE 2 in culture medium of HLMVEC was undetectable (Ͻ60 pg/ml).
Possible untoward effects
As noted above in the various analyses, FG-4095 generally was well tolerated and elicited some beneficial lung outcomes in the 14 day survivors. Further, as shown in Table 1 , the majority of the early deaths suffered by both the control and FG-4095-treated groups were sepsis-associated. However, when the early death subgroups were examined, several troublesome findings were identified. All four included early death FG-4095 animals and exhibited a skin rash (not shown) never previously observed in this model. Occurrence of rash, as analyzed using intention-to-treat principle, was statistically significant (PϽ0.001) in FG-4095-treated ba- Table 2 for quantitative morphometry). Hematoxylin/eosin stain, original magnification 10ϫ. boons (40%, nϭ15) relative to untreated controls (0%, nϭ26). This strikingly erythematous, papular rash was usually detected between days 4 and 6, was not exfoliative, involved primarily face and scalp, and was occasionally generalized. Even though overall mortality did not differ between the treated and untreated animals, there was a statistically significant (Pϭ0.002) association between death and rash in FG-4095-treated animals vs. untreated controls. In addition, early death FG-4095 baboons had more moderate to severe graded pulmonary microscopic extravasation of RBC compared with early death controls, and at necropsy gross examination showed more moderate to severe graded bleeding in lungs and other organs when compared with early death controls that had none to mild grades (Supplemental Table 4 ). Of note, rash or bleeding were not noted in baboons completing the 14 day treatment with FG-4095.
DISCUSSION
BPD is associated with significant childhood and adult health problems, including exercise intolerance, increased risk of asthma, pulmonary hypertension, possible emphysema and chronic obstructive pulmonary disease, and neurodevelopmental impairment (11) . Arrested development of microvasculature and distal air spaces, both common features of BPD, contribute to many of these clinical abnormalities (14) . Since lung branching morphogenesis depends on vascular growth, and lung vascular development is disrupted by preterm birth and ventilatory therapy, we hypothesized that enhancement of angiogenesis by HIF stimulation could improve lung growth in prematurely born neonates. In vitro and ex vivo studies from our laboratory have shown that HIF stimulation via inhibitors of prolyl hydroxylase domain-containing proteins (PHDs) enhances expression of, for example, VEGF and platelet-endothelial adhesion molecule 1 (PECAM-1) as well as in vitro angiogenesis (30, 31) . The goal of this study was to determine the therapeutic potential of this approach in an in vivo baboon model of prematurity. Treatment of preterm baboons with continuous, i.v. FG-4095 resulted in plasma levels shown to be effective for HIF stabilization (30, 31) .
By lung morphometric analysis, untreated control baboons had decreased total alveolar surface area, alveolar simplification as demonstrated by reduced numbers of branch points, and arrested growth of new alveoli as implicated by fewer secondary crests. Remarkably, total alveolar surface area and number of branch points were normalized in FG-4095-treated baboons vs. untreated newborn and fetal controls, suggesting improved alveolar growth. We recently found that mRNA and/or protein for several angiogenic factors, including HIF-1␣, PECAM-1, and VEGF are up-regulated in lungs of FG-4095-treated baboons compared with untreated controls (32) . Further, PECAM-1 expressing capillary endothelial cells are augmented by FG-4095 treatment (32) . These data are supported by recent investigations showing that postnatally administered VEGF, especially if combined with angiopoietin 1, preserves alveolar development in a term newborn To assess whether the lung morphometric findings in FG-4095-treated newborns were associated with improved lung function, dependence on O 2 and ventilatory support were assessed. Both control and FG-4095-treated baboons had typical worsening of oxygenation on days 2 to 5 due to severe respiratory distress syndrome. However, at age 8 to 9 days, oxygenation improved in FG-4095-treated relative to untreated baboons. The 2-fold reduction seen in oxygenation index and alveolar-arterial O 2 gradient likely is physiologically significant. In addition, lung dynamic compliance increased on the final 4 days of life. These data indicate that the lung structural changes in FG-4095-treated baboons also allowed for improved gas exchange.
Possible mechanisms for improved oxygenation and lung compliance in FG-4095-treated animals were investigated. As the HIF-VEGF axis has been implicated to be important for surfactant production (24), one potential responsible mechanism was augmented surfactant secretion due to FG-4095. Therefore, we measured Sat PC and mRNA and protein for SP-B and -C in BALF and lung tissue. However, none were altered by FG-4095 treatment. Thus, improved oxygenation and lung compliance in FG-4095-treated baboons could not be attributed to changes in surfactant production or secretion detectable at necropsy. We did not study surfactant secretion at earlier time points because BALF collection is poorly tolerated. Our next approach involved determining pulmonary NO, as accumulating evidence suggests NO to mediate some VEGF effects (43) and because expression and activity of NO synthases is deterred in BPD (35) . Utilizing a noninvasive method, we found no changes in exhaled NO between FG-4095-treated and untreated groups.
Hypotension is a common problem in preterm neo- nates. On the other hand, hypertension can cause severe complications in the prematurely born. Here, FG-4095-treated baboons had moderately increased diastolic, but not systolic, blood pressure. Because of increased diastolic pressure, mean arterial pressure also was higher, and pulse pressure lower, in FG-4095-treated baboons. Moreover, the ratio of pulmonary to systemic flow was reduced in the FG-4095-treated relative to control baboons. These positive hemodynamic effects likely resulted from the increased incidence of DA closure (44) in the FG-4095-treated animals. After term birth, the DA normally closes within the first days of life through constriction and remodeling of the vessel wall (45) . After preterm birth, however, the DA often remains patent. Patent DA (PDA) is an independent factor complicating the clinical course of preterm neonates and increasing the risk of BPD, necrotizing enterocolitis, and intraventricular hemorrhage (46) . Clinically problematic PDA can be closed by indomethacin, ibuprofen, or surgery, but none of these are without risk (46) . Hypoxia, HIF-1␣, and VEGF in the wall of DA have been implicated in its closure (45, 47) . Therefore, it is possible, although so far not demonstrated, that FG-4095 could cause or contribute to DA closure through HIF-VEGF axis. Seeking other possible mechanisms, we determined whether FG-4095 altered ARNT expression. These experiments were considered because of involvement of ARNT in closure of fetal vascular structures, such as the hepatic ductus venosus and ocular hyaloid artery (40) . We found that FG-4095 enhanced nuclear expression of ARNT in vitro. However, ARNT expression in the DA of FG-4095-treated baboons is presently unknown to us, and therefore ARNT-induced DA closure remains speculative.
Possible untoward effects, including skin rash and bleeding, were noted in the FG-4095-treated early death baboons. Such effects have not been observed in preclinical and clinical studies of anemia and chronic kidney disease using related or unrelated HIF-PHD inhibitors (48, 49) . However, the effects of these compounds in preterm neonate models have not been previously explored. Rash and bleeding were not found in animals completing the 14 day treatment. Further, heart, kidney, and liver function tests did not indicate toxicity. Currently, the mechanism responsible for skin rash and bleeding are unknown and the study population is too small to make definitive associations. A number of potential mechanisms might be operative and would need additional investigation. An initial consideration would be to see if there is a drug interaction with the presence of microbes and/or whether the drug may enhance some aspect of an infectious process. Many of the early death baboons were septic, but the untreated septic controls did not develop rash and had less bleeding. The rash appeared not to be associated with any single infectious agent. Second, immune effector molecules, abundant in the model due to respiratory distress syndrome, BPD, and/or sepsis, could play a role. Specifically, HIFs can modulate inflammatory responses through regulating neutrophil apoptosis and enhancing phagocyte bactericidal capacity (50, 51) . Third, such effects could be related to interactions of the study compound with other routine medications used to treat preterm neonates. Fourth, the findings could be associated with increased vascular permeability and/or vasoproliferation. Namely, we have previously shown that VEGF mRNA and protein are induced many-fold by FG-4095 treatment (30, 31) , and others have found that excess VEGF can cause pulmonary bleeding and edema indicative of vascular hyperpermeability (52) . Herein, pulmonary VEGF mRNA, but not protein, was elevated after FG-4095 treatment for 14 day (32). It is possible, however, that elevated VEGF protein at earlier time points than 14 days may have increased vascular permeability contributing to bleeding. Plasma VEGF was undetectable in the current study. These systemic untoward effects observed with continuous, i.v. treatment may be circumvented with alternative treatment protocols, such as intermittent, intrapulmonary delivery of study compound, as suggested by a recent investigation using intratracheal VEGF delivery (41) .
To summarize, the findings from the current study reveal that in vivo treatment of preterm baboons with HIF-PHD inhibitor is associated with enhanced lung growth, improved oxygenation, and lung compliance, and increased incidence of DA closure. Thus, HIF stimulation by PHD inhibition ameliorates pathological and physiological consequences of BPD.
or normalized in FG-4095-treated baboons. Specifically, surface density and area of primary septae were greater in FG-4095-treated baboons than in untreated newborns (Table 1) . Moreover, 77% of diminished total alveolar surface area in untreated controls was recovered by FG-4095 treatment (Table 1) .
Lung function is improved by FG-4095 treatment
Alveolar-arterial O 2 gradient and oxygenation index were improved (50 -60% and 30 -40% reduction, respectively) for the last 5 to 6 days by FG-4095 treatment (Fig. 1A, B) . Ventilation index appeared improved in FG-4095-treated animals as compared with controls, but the difference was not statistically significant (Fig. 1C) . Dynamic lung compliance was enhanced 20 -40% during the last 4 days by FG-4095 treatment (Fig. 1D ).
Surfactant expression did not differ between FG-4095-treated baboons and controls
Lung SP-B and -C mRNA did not differ between treated and untreated neonates. Bronchoalveolar lavage fluid (BALF) or lung saturated phosphatidylcholine (Sat PC) content was similar in FG-4095-treated and control animals. BALF and lung SP-B and -C proteins by Western blot and/or ELISA were unaltered in FG-4095-treated relative to control baboons.
FG-4095 elicited positive hemodynamic changes
Left ventricular function was identical for control and FG-4095-treated baboons. Pulmonary to systemic blood flow ratio was lower in FG-4095 baboons than controls. Systemic diastolic and mean arterial blood pressure were higher in baboons receiving FG-4095 than in controls. Further, incidence of spontaneous ductus arteriosus (DA) closure, assessed by daily echocardiography, was higher in FG-4095-treated 14-day animals than controls. 6. FG-4095 treatment was associated with possible untoward effects FG-4095 generally was well tolerated and elicited some beneficial lung outcomes in 14 day survivors. However, when early death subgroups were examined, several troublesome findings were identified. Early death FG-4095 animals exhibited a skin rash never before observed in this model. In addition, early death FG-4095 baboons had more moderate to severe pulmonary microscopic extravasation of red blood cells when compared to early death controls, and at necropsy gross examination showed more moderate to severe bleeding in lungs and other organs compared to early death controls that had none to mild grades. Of note, rash or bleeding were not noted in baboons completing 14 day treatment with FG-4095.
CONCLUSIONS AND SIGNIFICANCE
By lung morphometry, untreated control baboons had decreased total alveolar surface area, alveolar simplification as demonstrated by reduced numbers of branch points, and arrested growth of new alveoli as implicated by fewer secondary crests. Remarkably, total alveolar surface area and number of branch points were normalized in FG-4095-treated baboons vs. untreated newborn and fetal controls, suggesting improved alveolar growth. We recently found that mRNA and/or protein for several angiogenic factors, including HIF-1␣, platelet-endothelial cell adhesion molecule 1 (PECAM-1), and vascular endothelial growth factor (VEGF) are up-regulated in lungs of FG-4095-treated baboons as compared with untreated controls. Further, PECAM-1 expressing capillary endothelial cells are augmented by FG-4095. These data are supported by recent investigations by others showing that VEGF treatment, especially if combined with angiopoietin 1, preserves alveolar development in term newborn rodents with O 2 -induced lung injury. Collectively, the data suggest that both vascular and alveolar growth are enhanced by FG-4095.
To assess whether the lung morphometric findings in FG-4095-treated newborns were associated with improved lung function, dependence on O 2 and ventilatory support was assessed. Both control and FG-4095-treated baboons had typical worsening of oxygenation on days 2 to 5 due to severe respiratory distress. However, at age 8 to 9 days oxygenation improved in FG-4095-treated relative to untreated baboons. The 2-fold reduction in oxygenation index and alveolararterial O 2 gradient likely is physiologically significant. In addition, lung dynamic compliance increased on the final 4 days of life. These data indicate that lung structural changes in FG-4095-treated baboons improved gas exchange.
Possible mechanisms for improved oxygenation and lung compliance in FG-4095-treated animals were investigated. Since HIF-VEGF axis has been implicated in surfactant production, this process was investigated. We measured Sat PC and mRNA and protein for SP-B and -C in BALF and lung tissue. None were altered by FG-4095 treatment. Hence, improved oxygenation and lung compliance were not due to changes in surfactant production or secretion detectable at necropsy.
Hypotension is common in preterm baboons. Hemodynamically, FG-4095-treated baboons had moderately increased diastolic blood pressure. Moreover, pulmonary to systemic flow ratio was reduced in the FG-4095-treated relative to control baboons. These positive hemodynamic effects likely resulted from increased DA closure in FG-4095-treated animals.
Untoward effects, including skin rash and bleeding, were noted in FG-4095-treated early death baboons. Potential mechanisms, including drug-specific effects, potentiation of inflammation and/or of VEGF, warrant further investigation, as do alternate routes and/or timing of delivery.
To summarize, treatment of preterm baboons with HIF PHD inhibitor is associated with enhanced lung growth, improved oxygenation and lung compliance, and increased ductus arteriosus closure (Fig. 2) . Thus, HIF stimulation ameliorates pathological and physiological consequences of BPD. 
